ndomyocardial biopsy (EMB) was first introduced as a clinical method for diagnosing acute cardiac allograft rejection in 1974 (1, 2) . At that time, immunosuppression was restricted to corticosteroids, azathioprine (AZA), and antithymocyte globulin. As a consequence, the frequency of acute rejection was relatively high and rejection was an important cause of posttransplant mortality (3) . Routine surveillance EMBs came to be used to detect rejection at an early stage before hemodynamic compromise had occurred (2) . More recently, biopsy-proven acute rejection (BPAR) has been used as an endpoint in clinical trials of immunosuppression, and recent trials have mandated between 10 and 15 EMBs in the first year (4 -7) .
Advances in pharmacological immunosuppression regimens have resulted in a lower incidence and severity of acute rejection and a fall in rejection-related mortality (8) . There has been a trend toward reducing the frequency of biopsies or even eliminating them completely after the first posttransplant year (9, 10) , but routine surveillance biopsies have remained the standard of care in most centers during the first year after heart transplantation. However, EMB is an invasive procedure that carries a risk of adverse effects and complications. In this study, we have examined the diagnostic yield and complications of routine surveillance EMBs performed in the first year after heart transplantation in patients treated with two immunosuppression regimens.
METHODS
Two hundred fifty-eight consecutive adult patients who had undergone orthotopic cardiac transplantation at our hospital between August 1997 and May 2005 were analyzed. During this period, two different immunosuppression regimens were used; 135 patients transplanted between August 2000 and May 2005 were immunosuppressed by mycophenolate mofetil (MMF, CellCept; Roche Products Ltd., Welwyn Garden City, Hertfordshire, UK) and 123 patients transplanted between August 1997 and July 2000 were treated with AZA. In both groups, the purine synthesis inhibitor selected was given in combination with cyclosporine (Neoral; Novartis Pharmaceuticals, Frimley, UK) and corticosteroids after induction therapy with rabbit antithymocyte globulin (Thymoglobulin; Genzyme Therapeutics, Oxford, UK) (8) . Eighty percent (207) of the study group were men and their mean age was 50 years (range, 18 -65).
Protocol EMBs were performed weekly for 6 weeks, every other week until 3 months, monthly until 6 months, and every other month until the end of the first year of transplantation. Additional EMBs were performed for inadequate samples or clinically suspected rejection or after treatment for rejection. Clinical features that were considered suggestive of rejection included symptoms and signs of heart failure (edema, breathlessness, fatigue, gallop rhythm, or a raised venous pressure), other evidence of cardiac dysfunction (fall in left ventricular ejection fraction, drop in electrocardiography voltage, new atrial arrhythmia), or nonspecific symptoms such as low-grade fever, malaise, flu-like symptoms in absence of an alternative explanation.
An adequate biopsy was defined as four myocardial samples each with at least 50% assessable myocardium (11) . Endomyocardial biopsies were reported according to the 1990 International Society for Heart and Lung Transplantation (ISHLT) criteria, which grades rejection from 0 (no rejection) to 4 (severe rejection) (11) . This system is compatible with the recent ISHLT revision of biopsy grading with regard to cellular rejection such that grades 1 and 2 in the 1990 system correspond to grade 1R in the new system whereas grade 3A corresponds to 2R and 3B and 4 together correspond to 3R (12) . Our policy was to treat a biopsy grade of 3A (2R) or above with additional immunosuppression even in the absence of cardiac allograft dysfunction (13, 14) ; this is the conventional approach that is used in most centers.
Patients were clinically assessed and had an electrocardiogram and echocardiogram before each biopsy. The biopsy procedure was performed under local anesthesia, using either the right internal jugular or femoral vein approach, under fluoroscopic control with either intracardiac electrogram or pressure monitoring using a 7-F bioptome.
Serious complications were recognized by symptoms and signs, such as chest pain, breathlessness, or hypotension, which prompted immediate investigation. Cardiac tamponade was recognized by the combination of chest pain, pulsus paradoxus, a raised venous pressure, and echocardiographic evidence of a pericardial collection with diastolic collapse of the right atrium or ventricle. Myocardial infarction after a biopsy was recognized by the development of chest pain, hypotension, and characteristic electrocardiographic changes, subsequently confirmed by coronary angiography.
Fistulae from septal branches to coronary arteries to the right ventricle were recognized retrospectively on routine coronary angiography performed 1 year after the transplant. Tricuspid regurgitation (TR) was assessed at routine echocardiography and attributed to an EMB if it suddenly increased by one grade or more on the subsequent routine echocardiogram. New pericardial effusions detected at the next routine echocardiogram were considered as a possible complication of the previous biopsy; such effusions were usually small, loculated, and asymptomatic.
Statistical Analysis
The results are presented as mean valuesϮstandard deviation or proportions as appropriate. Group comparisons were performed using chi-square, Mann-Whitney, Student, or Fisher's exact test as appropriate. Actuarial survival was calculated using the Kaplan-Meier method.
RESULTS
There was no difference in actuarial survival between the two groups at 1 year (80.5% in the AZA group vs. 81.5% MMF, Pϭ0.84); one patient died of acute rejection in the AZA group whereas there were no deaths from acute rejection in the MMF group. The cumulative incidence of BPAR (gradeՆ3A) at 1 year was 24.35% for MMF and 35.6% for AZA (Pϭ0.038).
A total of 3729 EMBs were performed in the first year after transplantation (MMF group 1875 and AZA group 1854). The incidence of BPAR gradeՆ3A varied by time after transplantation and between the two immunosuppression regimens. The MMF group had a lower incidence of BPAR per biopsy and per patient ( Table 1) . Most of the 93 BPAR gradeՆ3A rejection episodes were clinically silent; 74.2% (26 of 35) in the MMF group and 67.2% (39 of 58) in AZA group. Low-grade rejection (ISHLT grades 1 or 2) was evident in 19.4% of biopsies (722 of 3729); of these 1.15% (43 of 3729) were associated with clinical rejection and treated on the basis of the clinical and echocardiographic findings.
The incidence of low-grade rejection increased progressively until week 6 and then gradually declined; the pattern was similar with high-grade rejection (grade 3A or above), but at a much lower incidence (Fig. 1 ). Seventy-five percent (2801 of 3729) of biopsies showed no evidence of acute cellular rejection and 3% (113 of 3729) of the biopsies were inadequate for diagnosis.
We examined whether BPAR (gradeՆ3A) within the first 3 months predicted the incidence of subsequent rejection. Patients who experienced a BPAR episode within the first 90 days after transplantation were at a significantly increased risk of further rejection during the first year, Pϭ0.013. This difference was significant in the AZA group (Pϭ0.033) but not in the MMF group (Pϭ0.15; Tables 2 and 3) .
There was no evidence that the biopsy taken after a biopsy with low-grade rejection (ISHLT grade 1 or 2) was more likely to demonstrate a higher-grade rejection (gradeՆ3A) than one after a biopsy showing no rejection (grade zero), Pϭ0.33 (Table 4) and there was no difference by drug group; AZA Pϭ0.5 and MMF Pϭ0.42. 
Complications
One patient developed an anteroapical myocardial infarction because of injury of the left anterior descending artery during an EMB procedure. This patient remains alive and well but with impaired left ventricular function 7 years after this complication. Echocardiographically severe TR was detected in one patient who subsequently required treatment with loop diuretics (Table 5) .
Three other patients developed complications that required a therapeutic invention but with no long-term sequelae. Two underwent pericardiocentesis for cardiac tamponade after EMB and one needed a chest drain after developing a pneumothorax complicating EMB performed through right internal jugular access.
Asymptomatic septal coronary branch to right ventricular fistulae were found incidentally in 12 patients at routine coronary angiography performed at 1 year after transplantation. One patient developed an arteriovenous fistula at a femoral access site, which was asymptomatic and was treated conservatively.
One patient experienced a biopsy-related Horner's syndrome after right internal jugular vein access, which resolved spontaneously. Nine patients developed echocardiographically moderate TR during the first transplant year that may have been related to EMB. 
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Twenty-four patients developed a new and otherwise unexplained pericardial effusion; most were detected in the early postoperative period and all were asymptomatic. One patient had postbiopsy chest pain of undetermined origin with normal cardiac investigations.
The incidence of serious complications with long-term sequelae per biopsy was low 0.05% (2 of 3729) per biopsy and 0.77% (2 of 258) per patient. The incidence of complications requiring therapeutic intervention was 0.08% (3 of 3729) per biopsy and 1.16% (3 of 258) per patient. The incidence of definite complications was 0.54% (20 of 3729) per biopsy and 7.75% (20 of 258) per patient. All definite and possible complications were 1.4% per biopsy (53 of 3729) or 20.5% (53 of 258) per patient. There was no biopsy-related mortality (Table 5) .
DISCUSSION
The cumulative incidence of biopsy-proven rejection (ISHLT gradeՆ3A) in the AZA and MMF groups was similar to that reported in previous clinical trials (4 -7); the incidence was lower with MMF than with AZA. However, this study has demonstrated a low incidence of rejection per biopsy in both the MMF and the AZA groups. Overall BPAR (ISHLT gradeՆ3A) constituted 2.49% (93 of 3729) of all biopsies, but the true yield of surveillance biopsies (clinically silent rejection) was only 1.74% (65 of 3729) This incidence was lower in the MMF group at 1.4% (26 of 1875) vs. the AZA group 2.1% (39 of 1854). Seventy-five percent (2801 of 3729) of biopsies showed no evidence of rejection and 19.4% (772 of 3729) of biopsies showed low-grade rejection (grades 1 or 2). The complication rate was low, at 1.4%, when related to the total number of biopsies performed (53 of 3729 biopsies) but when related to patient, increased to 20%; an increase in proportion to the number of biopsies carried out per patient.
The low diagnostic yield of routine surveillance EMBs is a cause for concern not only because of the invasive nature of the procedure and the risk of complications but also because patients are exposed to ionizing radiation and the procedure generates significant health-care costs.
Endomyocardial biopsies can be performed either because of a suspicion of allograft rejection, based on clinical features such as allograft dysfunction, or routinely in asymptomatic patients as surveillance for rejection. Ninety-seven percent (3607 of 3729) of biopsies (14 biopsies per patient) were performed when there was no clinical evidence of rejection. If biopsies had only been performed when patients were symptomatic only 3.0% (122 of 3729) biopsies (0.5 [122 of 258] per patient) would have been performed. Only 1.8% (65 of 3607) of these biopsies showed clinically silent rejection of grade 3A or worse. The rationale for surveillance biopsies is that early diagnosis and treatment of high-grade rejection, 3A or worse, minimizes the risk of mortality or long-term allograft dysfunction. However, this practice became established in an earlier era when immunosuppression regimens were less effective. The present study demonstrates that current immunosuppression regimens lead to a very low yield from surveillance biopsies performed in the absence of any other evidence or rejection. One of the histological criteria for rejection Ն3A is the presence of myocytolysis, which is regarded as evidence of ongoing myocardial damage, and conventionally, BPARՆ3A is considered an indication for augmented immunosuppression (13, 14) . However, lower grades (1 or 2) of rejection often resolve spontaneously under maintenance immunosuppression (15) (16) (17) . Additionally, other studies have found that grade 3A rejection occurring more than 1 year after transplantation may not require treatment (9, 18) . This, combined with the low biopsy yield, has led some centers to decide that routine surveillance biopsies are unnecessary more than 1 year after transplantation (9, 19, 20) . However, it seems biologically implausible that the nature of 3A rejection suddenly changes at 1 year, thus begging the question whether clinically silent 3A rejection episodes detected by routine surveillance biopsies within the first year require treatment. The hypothesis that they do not require treatment needs to be confirmed in a prospective trial but, if correct, it would undermine the rationale for surveillance biopsies. Even if routine surveillance biopsies are indicated within the first year, our data raises a question about the frequency with which they should be performed. There is clearly a need to balance the incidence of adverse effects and complications against the diagnostic yield. A large number of biopsies showed low-grade (1 or 2) rejection (nϭ722, 19.4% per biopsy and 2.8 biopsy per patient). This usually triggers closer follow-up that may include an earlier follow-up biopsy. However, our data indicate that the probability of detecting an asymptomatic rejection (3A or worse) was no greater after a grade 1 or 2 biopsy than after one of grade 0. Therefore, there is no indication to routinely perform an additional biopsy earlier than otherwise scheduled in asymptomatic patients.
The types of complications observed in this study were anticipated from the nature of the procedure and were similar to those reported in previous studies (21) (22) (23) (24) (25) . The majority of complications were relatively minor, but five were serious with two having long-term sequelae ( Table 5 ). None of the cases of TR demonstrated a flail leaflet on transthoracic echocardiography and so their relationship to EMBs is uncertain. The one case of severe TR was clinically considered to be definitely related to an EMB procedure. Transesophageal echocardiograms were not performed because none of the cases was severe enough to warrant surgical intervention. The overall incidence of TR in our study was 3.87% per patient (10 of 258), which is relatively low compared with other series that have reported an incidence of 7% to 12% (26 -29) . Pericardial effusion occurs frequently after heart transplantation, mostly with no adverse clinical outcome and usually resolves within 3 months; it has a number of etiologies (30 -34) . With the exception of the two cases of postprocedure tamponade, none of the pericardial effusions could be attributed definitely to EMBs.
The low rejection-related mortality observed here and in recent clinical trials has made it impossible to power trials of immunosuppression for a mortality endpoint after heart transplantation. The widespread use of routine surveillance EMBs as well as the availability of an internationally standardized reporting system (11, 12) has led to the use of biopsy-proven rejection detected by surveillance EMBs as the primary endpoint or as part of a composite primary endpoint, in clinical trials; this approach has been by drug licensing authorities such as the Food and Drug Administration and the European Medicine Agency. Furthermore, such trials have mandated between 10 and 15 surveillance EMBs within the first year after transplantation (4 -7) . The findings of our study suggest that this approach now needs to be reviewed. We suggest that alternative outcomes such as medium-term survival, allograft function, and complications from immunosuppressive therapy (e.g., nephrotoxicity) should be considered as potential endpoints for future trials.
The risks associated with EMB could be avoided if there were satisfactory noninvasive methods to diagnose acute rejection. Methods that have been studied include echocardiographic assessment of systolic and diastolic function (35) (42) and natriuretic peptides (43) as well as degraded membrane polyunsaturated peptides that release alkanes (44) . However, none of these methods has been found to be sufficiently sensitive or specific to replace the EMB. More recently, microarray technology has been used to assess the expression of a panel of 11 genes in circulating peripheral blood mononuclear cells and so distinguish between patients with biopsy-proven rejection (Ն3A) and those without rejection (grade 0) (45) . Further studies are ongoing and this technology may reduce or even eliminate the need for EMBs in the future except in patients identified by microarray technology as being at risk for developing acute rejection.
Limitations
This was a retrospective analysis based on the contemporaneous biopsy reports made by two experienced cardiac pathologists (M.M.B., A.D.B.) using the1990 ISHLT grading system. Immunohistochemistry was not used routinely to assess biopsies for evidence of antibody-mediated rejection (AMR) (12) . However, no patient died of AMR during the study; preliminary evidence from another study indicates that AMR is uncommon in the first year after transplantation (46) . Furthermore, AMR is a clinicopathological diagnosis in which acute graft dysfunction is a cardinal feature, so AMR will not be diagnosed by routine EMBs in asymptomatic patients with good cardiac function.
CONCLUSION
Our data demonstrate that the yield of moderate to severe rejection (ՆISHLT grade 3A or 2R) in routine surveillance EMBs in heart transplant patients receiving contemporary immunosuppression is very low. Most of the episodes of cellular rejection that are detected are of low grade (ISHLT grades 1 and 2 or 1R) and do not warrant treatment in the absence of clinical evidence of rejection. The yield of surveillance biopsies is now of the same order of magnitude as the incidence of complications related to the procedure. Therefore, the role of EMBs in the first year after transplantation for clinical surveillance and for clinical trials needs to be reconsidered. Further studies are needed to determine whether clinically silent grade 3A or 2R rejection requires treatment in the first year after transplantation in patients receiving contemporary immunosuppression. A randomized trial comparing routine surveillance EMBs with individualized biopsies based on the clinical evidence of rejection or risk factors would be needed to clarify these issues.
